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Summary

Inositol hexakisphosphate and other inositol high poly-
phosphates have diverse and critical roles in eukaryotic
regulatory pathways. Inositol 1,3,4-trisphosphate 5/6-
kinase catalyzes the rate-limiting step in inositol high
polyphosphate synthesis in animals. This multifunc-
tional enzyme also has inositol 3,4,5,6-tetrakisphos-
phate 1-kinase and other activities. The structure of
an archetypal family member, from Entamoeba histo-
lytica, has been determined to 1.2 Å resolution in bi-
nary and ternary complexes with nucleotide, sub-
strate, and product. The structure reveals an ATP-
grasp fold. The inositol ring faces ATP edge-on such
that the 5- and 6-hydroxyl groups are nearly equidis-
tant from the ATP �-phosphate in catalytically prod-
uctive phosphoacceptor positions and explains the
unusual dual site specificity of this kinase. Inositol
tris- and tetrakisphosphates interact via three phos-
phate binding subsites and one solvent-exposed site
that could in principle be occupied by 18 different sub-
strates, explaining the mechanisms for the multiple
specificities and catalytic activities of this enzyme.

Introduction

The inositol polyphosphates (IPs) are a class of water-
soluble signaling molecules derived by phosphorylation
of combinations of the six hydroxyl groups on the inosi-
tol ring. The manifold possibilities for combinatorial
phosphorylation give rise to a large and diverse class
of messenger molecules with equally diverse biological
roles (Abel et al., 2001; Irvine and Schell, 2001; York et
al., 2001). The concept of IPs as messenger molecules
arose with the discovery of Ins(1,4,5)P3 as the initiator
of intracellular calcium mobilization (Streb et al., 1983).
More recently, inositol hexakisphosphate (IP6) has
come to the fore as a ubiquitous cofactor in many cell
processes. IP6 plays an essential role in DNA repair (Ha-
nakahi et al., 2000; Hanakahi and West, 2002), mRNA
export (York et al., 1999), transcriptional regulation
(Odom et al., 2000), lymphocyte development (Pouillon
et al., 2003), and regulation of chromatin structure
*Correspondence: jh8e@nih.gov
(Shen et al., 2003; Steger et al., 2003). Other highly
phosphorylated IPs have been reported to regulate
exocytosis of insulin granules from pancreatic β cells
(Efanov et al., 1997; Hoy et al., 2003; Larsson et al.,
1997), phosphoinositide-mediated protein localization
(Luo et al., 2003), and ion channels (Kourie et al., 1997).
Most recently, the diphosphoinositols IP7 and IP8 have
been reported to act as high-energy nonenzymatic
phosphate donors in protein phosphorylation (Saiardi
et al., 2004), and another diphosphoinositol, PP-IP4, to
regulate telomere length (Saiardi et al., 2005; York et
al., 2005).

Cellular IP levels are regulated by a chain of phos-
phorylation and dephosphorylation events (Majerus et
al., 1999; Shears, 2004). One of the unusual features of
IP metabolism is that many of the enzymes involved
carry out more than one reaction (Shears, 2004). IP syn-
thetic pathways are structured differently in yeast,
plants, and animals. In most systems examined to date,
the synthetic IP pathway begins with the hydrolysis of
phosphatidylinositol 4,5-bisphosphate by phospholi-
pase C to produce Ins(1,4,5)P3. In the yeast Saccharo-
myces cerevisiae, Ins(1,4,5)P3 is the first substrate for
a sequence of IP kinase reactions. The multifunctional
kinase Ipk2, whose orthologs are known as IPMK in
rat (Saiardi et al., 1999) and Ins(1,3,4,6)P4 5-kinase
(Chang et al., 2002) in human, successively phos-
phorylates Ins(1,4,5)P3 on the 6 and then 3 positions,
followed by Ipk1 phosphorylation of the 2 position of
Ins(1,3,4,5,6)P5 to produce IP6 (Odom et al., 2000).
In humans and other mammals, Ins(1,4,5)P3 is first
phosphorylated by Ins(1,4,5)P3 3-kinase to produce
Ins(1,3,4,5)P4. Ins(1,3,4,5)P4 is then dephosphory-
lated by an IP 5-phosphatase to produce Ins(1,3,4)P3.
Ins(1,3,4)P3 is the major substrate for Ins (1,3,4) P3 5/6-
kinase (IP56K). IP56K generates both Ins(1,3,4,5)P4 and
Ins(1,3,4,6)P4, and the latter is the key entry point to
the synthesis of all other tetrakis and higher inositol
polyphosphates in animals (Verbsky et al., 2005). IP56K
is the rate-limiting enzyme in the synthesis of the highly
phosphorylated forms of inositol in humans (Verbsky et
al., 2005).

In addition to the reactions for which it is named,
IP56K phosphorylates Ins(3,4,5,6)P4 at the 1 position to
Ins(1,3,4,5,6)P5 (Tan et al., 1997; Yang et al., 1999). This
reaction is thought to have regulatory importance, since
Ins(3,4,5,6)P4 is an inhibitor of plasma membrane
Ca2+-activated Cl− channels, but Ins(1,3,4,5,6)P5 is
not. Furthermore, IP56K can act as an IP phosphatase
in a reaction that requires the presence of Mg2+ and
a nucleotide. IP56K can dephosphorylate Ins(1,3,4,5)P4

and Ins(1,3,4,6)P4 to Ins(1,3,4)P3, and Ins(1,3,4,5,6)P5 to
Ins(3,4,5,6)P4 (Ho et al., 2002); reviewed by (Mich-
ell, 2002). IP56K can interconvert the IP4 isomers
Ins(1,3,4,5)P4 and Ins(1,3,4,6)P4. IP56K has also been
linked to protein kinase activity, although the precise
nature of the association is unknown (Wilson et al.,
2001).

The primary structures of IP56K orthologs share
strong sequence homology with each other, but are
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only weakly related to other proteins. IP56K has been o
opredicted to be an ATP-grasp family member based on

sequence analysis (Cheek et al., 2002). ATP-grasp pro- w
mteins were described as a family of enzymes that cata-

lyzed ATP-dependent carboxylate-amine and thiol li- s
dgase activities (Artymiuk et al., 1996; Fan et al., 1995;

Galperin and Koonin, 1997), although additional roles
have been discovered for this family subsequently. The A
pairwise sequence identity to ATP-grasp proteins of T
known structure is no greater than 13%, and there has b
been no experimental confirmation of this prediction. a

Despite intense interest in IP signaling and progress M
in characterizing the enzymes and pathways responsi- d
ble, little is known about the structural mechanisms C
for specificity, regulation, and catalysis in this system. m
To date, only one other inositol phosphate kinase struc- t
ture has been determined, that of Ins(1,4,5)P3 3-kinase w
(IP3K). IP3K is structurally related to both protein and 1
lipid kinases despite the lack of primary sequence 2
similarity (Gonzalez et al., 2004; Miller and Hurley, t
2004). To begin to fill in the gaps in structural informa- t
tion, we sought to determine the structure of a repre- t
sentative member of this family. The IP56K from Ent- d
amoeba histolytica (Field et al., 2000) was found to be b
eminently tractable for atomic-level structural analysis, I
leading to crystals of catalytically relevant complexes a
that diffract to up to 1.2 Å resolution. The structure of a
the IP56K reveals that it has a fold and specificity deter- t
minants that are completely different from IP3K and r
other members of the eukaryotic protein and lipid ki-
nase superfamily. Given the high level of sequence (
similarity between the enzymes, and the importance of A
understanding the structural basis of human IP metab- β
olism, the structure of the E. histolytica enzyme was m
used to model that of the human enzyme. This model b
was used as a basis for mutational analysis of the func- b
tion of human IP56K. β

w
wResults
t
tOverall Structure
pThe structure of the full-length E. histolytica IP56K (resi-

dues 1–319) was determined by combining two multi-
wavelength anomalous dispersion (MAD) data sets, I

Tone from crystals soaked in HgCl2, and another from
Sm(OAc)3 cocrystals (Figure 1A, Table 1). The entire d

4protein sequence was traceable except for the N- and
C-terminal 4 residues, which were not visible in the h

1electron density and are presumed to be disordered.
There is a single E. histolytica IP56K molecule in the T

oasymmetric unit, consistent with our finding that IP56K
is a monomer in solution (data not shown). p

oIP56K has a globular fold with three domains sur-
rounding a cleft: a primarily N-terminal domain (resi- G

wdues 5–92 and 298–311), a central domain (residues 93–
177 and 193–239), and a C-terminal domain (residues N

h178–192 and 240–297) that together bind a single ATP
between them (Figure 1B). Each domain has a core β I

tsheet surrounded by helices. The N-terminal domain
consists of a mostly parallel 5-stranded β sheet with a f

3single antiparallel strand (strand 2), and has strand or-
der 5-4-1-3-2 (Figures 1C and 2A). The C-terminal 14 b

sresidues comprise an α-helix which forms part of the
uter helical shell of the N-terminal domain. The β sheet
f the central domain is an antiparallel 5-stranded sheet
ith strand order 6-9-7-8-12. The β sheet of the C-ter-
inal domain is an antiparallel 4-stranded sheet with

trand order 13-14-10-11. The β sheet of the C-terminal
omain forms the bottom of the catalytic cleft.

TP and Mg2+ Binding Sites
he structures of the enzyme occupied by several com-
inations of substrates and products were solved: ADP
nd Mg2+; AMPPCP, Mg2+, and Ins(1,3,4)P3; and ADP,
g2+, and Ins(1,3,4,6)P4 (Figure 1A). ADP binds in a
eep cleft formed by the β sheets of the central and
-terminal domains, which envelop the nucleotide al-
ost entirely and leave only 22% of the ADP exposed

o solvent (Figure 2B). The nucleotide binding pocket is
alled by many hydrophobic residues, including Pro-
09, Ile-134, Tyr-170, Ile-171, Leu-195, Phe-208, and Ile-
77. The imidazole ring of His-173 also contributes to
he wall. His-173 does not hydrogen bond directly to
he adenine but appears to play a critical role in struc-
uring the adenine binding site through its close hy-
rogen bonds with Ser-194 and the main-chain car-
onyl of Ile-171. The major polar contacts between

P56K and the nucleotide include hydrogen bonds of
denine N6 to Gln-168 and the main-chain O of His-169;
denine N7 to the Nζ of Lys-136; and the N1 position to
he main-chain NH of Ile-171. The 2# hydroxyl of the
ibose forms a hydrogen bond with Ser-194.

In the absence of bound IP, only one magnesium atom
Mg1) is visible in the density, which is coordinated by
sp-275, Asp-289, oxygen atoms from both the α- and
-phosphates of ADP and two well-ordered water
olecules, w1 and w2 (Figure 3A). In the Ins(1,3,4)P3-
ound structure, a second magnesium atom (Mg2) is
ound and coordinated by Asp-289, Asn-291, the
-phosphate of ADP and two water molecules, w3 and
4 (Figures 3B and 3E). One of the water molecules,
3, forms a bridge to the 5-hydroxyl of Ins(1,3,4)P3. In

he Ins(1,3,4,6)P4-bound structure, w3 forms an addi-
ional hydrogen bond with an oxygen of the 6-phos-
hate group (Figures 3C and 3F).

P Binding Site
he Ins(1,3,4)P3-bound form shows a network of hy-
rogen bonds and salt bridges through the 1, 3, and
-phosphate groups (Figure 3B). The 1-phosphate is
ydrogen bonded to the side chains of Lys-179, Arg-
92, and Ser-295 and to the main chain NH of Ser-295.
he 3-phosphate is hydrogen bonded to the Nζ atoms
f the side chains of Lys-17 and Lys-57. The 4-phos-
hate is hydrogen bonded to the Nζ of Lys-57, the N�
f Gln-141, the N� of His-147, and the main chain NH of
ly-142. Gly-142 has (f,ψ) values of 98 and 11 degrees,
hich would be unusual for any residue other than Gly.
one of the free hydroxyl groups at positions 2, 5 or 6
ave any direct contact with the enzyme. The bound

ns(1,3,4,6)P4 is oriented similarly to the Ins(1,3,4)P3 in
he active site, and the 1, 3, and 4-phosphate groups
orm nearly identical contacts with the enzyme (Figure
C). Arg-192 moves slightly farther away from the
ound product in this structure, as compared to its po-
ition in the substrate-bound structure. The 6-phos-



Inositol 1,3,4-Trisphosphate 5/6-Kinase Structure
203
Figure 1. Structure of IP56K

(A) Ins(1,3,4,6)P4 binding site as defined by an Fo–Fc difference map contoured to 2.0 σ around the IP56K active site demonstrating the
location of the bound substrate. Fo was obtained from the Hg λ3 data set obtained from cocrystals of Ins(1,3,4,6)P4, ADP, and magnesium
soaked in HgCl2. Fc was obtained from a partially refined model automatically build with ARP/wARP prior to inclusion of any ligands. Atoms
are colored orange (carbon), red (oxygen), blue (nitrogen), green (magnesium), and magenta (phosphorous).
(B) Overall structure of the IP56K monomer. The N-terminal domain is colored blue, the central domain cyan, and the C-terminal domain
purple.
(C) Topology diagram of the IP56K, colored as in (B).
phate of Ins(1,3,4,6)P4 interacts with the Nζ of Lys-179
and the Nδ of Asn-291.

The structures determined from crystals soaked in
Ins(1,3,4,5)P4 revealed electron density for Ins(1,3,4,6)P4,
rather than Ins(1,3,4,5)P4. The appearance of this spe-
cies indicates that the enzyme is active for the intercon-
version of the 5- and 6-phosphates in the presence of
ADP in the crystallization medium, as described pre-
viously in solution (Ho et al., 2002).
IP56K Is a Member of the ATP-Grasp Family
A comparison of the IP56K to other known structures
was performed using the Dali server (Holm and Sander,
1995). The highest 15 scoring entries in the PDB belong
to the ATP-grasp domain family (Artymiuk et al., 1996;
Fan et al., 1995; Galperin and Koonin, 1997). This family
was first defined by the structural similarity between
the cell wall synthesis enzyme D-ala-D-ala ligase (Ddl)
and glutathione synthetase (GSHase) (Fan et al., 1995).
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Table 1. Crystallographic Data and Refinement

Data Set Sm Sm Hg Hg Hg Hg Native 1 Native 2 Native 3

Ins (1,3,4)P3 + Ins(1,3,4,6)P4 +
λ1 λ2 λ1 λ2 λ3 λ4 ADP AMPPCP ADP

Data Collection

Wavelength (Å) 1.8997 1.8453 0.9687 1.0095 1.007 1.008 1.000 1.000 1.000
Unique reflections 14012 13870 22499 20004 19680 19785 91950 86414 86579
Resolution range (Å) 50–2.29 50–2.3 30–2.3 50–2.04 50–2.03 50–2.03 47–1.20 50–1.22 50–1.24
Completenessa (%) 98.3 (95.6) 98.3 (94.9) 94.2 (92.4) 99.5 (96.7) 97.1 (95.6) 95.3 (97.7) 94.8 (99.4) 95.9 (93.7) 98.6 (98.0)
Rmerge

a,b 0.110 0.095 0.051 0.065 0.080 0.074 0.047 (0.246) 0.034 (0.178) 0.050 (0.286)
(0.219) (0.320) (0.075) (0.174) (0.174) (0.098)

Refinement

Rworking
a,c 0.182 (0.213) 0.186 (0.210) 0.189 (0.190)

Rfree
a,d 0.205 (0.238) 0.209 (0.210) 0.208 (0.225)

R.m.s. deviations:
Bond length (Å) 0.007 0.007 0.007
Bond angle 1.201 1.237 1.233
B factor (Å2) main chain 0.426 0.422 0.455
B factor (Å2) side chain 1.111 1.236 1.266

<B> factor (Å2) protein 14.555 14.062 13.243
<B> factor (Å2) ligands 8.803 32.005 14.495
<B> factor (Å2) solvent 27.388 24.292 25.177
Protein atoms, number 2505 2505 2505
Solvent atoms, number 569 447 552
Ligand atoms, number 26 56 56
Residues in most favored Ф-ψ region 91.5 % 91.5 % 91.5 %

a Data in parentheses are for highest resolution shells.
b Rsym = ΣhΣi|Ii(h) − < I(h) > |/ΣhΣiIi(h).
c R = Σ (|Fobs| − k|Fcalc|) / Σ|Fobs|.
d Rfree is the R value calculated for a test set of reflections, comprising a randomly selected 5% of the data that is not used during refinement.
The top scoring matches were to the lysine biosynthe-
csis enzyme LysX (rmsd of 2.8 Å over 220 Cα atoms)

(Sakai et al., 2003), Ddl (rmsd 3.8 Å over 238 Cα atoms) t
o(Fan et al., 1994), and synapsin Ia (rmsd 3.4 Å over 228

Cα atoms) (Esser et al., 1998). All three domains of s
cIP56K are structurally similar to other ATP-grasp fold

proteins (Figures 4A and 4B). This places IP56K in a m
fsubset of ATP-grasp proteins with the highest similarity

to each other in all three domains: GSHase, Ddl, synap- s
Isin Ia, LysX, N5-carboxyaminoimidazole ribonucleotide

synthetase (Thoden et al., 1999), and PurT-encoded
glycinamide ribonucleotide transformylase (Thoden et M

Ial., 2000). There is only one kinase in the top 78
matches: the ATP-grasp protein pyruvate phosphate m

tdikinase (rmsd 3.2 Å over 169 Cα atoms), which is only
similar in two out of three domains (Herzberg et al., I

m1996). All ATP-grasp proteins bind ATP in a cleft be-
tween the β sheets of the central and C-terminal p

adomain.
Thirteen fingerprint residues have been identified as o

Acharacteristic of the ATP-grasp fold, and nine of these
are conserved in IP56K. Two basic residues bind the α- d

aand β-phosphates of ATP, and the more C-terminal of
the two also interacts with the ATP adenine N7. Arg-94 1

mand Lys-136 have these roles in IP56K. A conserved
Glu or Gln accepts a hydrogen bond from the adenine L

LN6, and Gln-168 has this role in IP56K. Tyr-170, Ile-171,
and Val-288 take on the roles of conserved hydropho- 1

sbic residues that bind the face of the adenine ring. The
Mg2+ binding sites in the ATP-grasp proteins consist of f

ha triad of residues, typically two acidic residues and an
Asn (Figure 4D). In IP56K these are Asp-275, Asp-289, t

cand Asn-291 (Figure 4C).
The subset of the most similar ATP-grasp proteins
ontain a very unusual non-Pro cis peptide bond in
heir N-terminal domain. This is usually an Asn. It is
utside of the active site and seems to play a role in
tabilizing an unusual tight U-shaped bend in the main
hain. Given the high resolution of the structure deter-
ination, there is no doubt that Glu-83 is in a cis con-

ormation and plays this role in IP56K. This structural
imilarity further highlights the close relationship of
P56K to other ATP-grasp proteins.

utational Analysis of Enzyme Activity
n order to assess the general implications for the enzy-

atic mechanism of IP56K across species lines, and to
est the quality of the comparative model for human
P56K (Figure 2C), thirteen active site residues were

utated in human IP56K. The mutant proteins were ex-
ressed in insect cells and their Ins(1,3,4)P3 5/6-kinase
ctivities determined (Table 2). Mutation of residues co-
rdinating the catalytic Mg2+ ions, corresponding to
sp-289 and Asn-291 in E. histolytica, led to the most
rastic effects. D295A and N297L had no detectable
ctivity, while N297A had activity reduced by more than
03-fold. Seven IP phosphate binding residues were
utated: Lys-18, Lys-59, His-162, Gly-163, His-167,

ys-199, and Arg-212, which correspond to Lys-17,
ys-57, Gln-141, Gly-142, His-147, Lys-179, and Arg-
92 in E. histolytica IP56K. All of the mutants have
harply reduced activity. The largest decrease, by a
actor of 2 × 104, was seen for G163P, which blocks the
ydrogen bond between the main-chain NH group of
he Gly and the 4-phosphate, and probably distorts the
onformation of the main chain in this region as well. A



Inositol 1,3,4-Trisphosphate 5/6-Kinase Structure
205
Figure 2. Homology and Alignment of IP56Ks

(A) IP56Ks from E. histolytica, H. sapiens, O. sativa, A. thaliana, X. laeveis, Z. mays, and the E. coli ATP-grasp proteins Ddl and glutathione
synthase. Residues identical across IP56K sequences are boxed in solid black and those that are similar are boxed in gray. Residues that
contact the ADP are marked with red triangles, those that contact the IP are marked with orange hexagons and those that coordinate
magnesium are marked with green circles. Mutations that reduce activity by more than 100-fold are marked with magenta circles, and
mutations the cause lesser reductions in activity are marked with yellow circles. Secondary structure elements of the domains are colored
as in Figure 1B. The sites of sequence insertions in other ATP-grasp proteins are shown with black triangles.
(B) Surface diagram of comparative model of human IP56K, with the locations of activity-altering mutants highlighted in the same colors as
in (A).
(C) Active site of human IP56K, showing AMPPCP, Ins(1,3,4)P3, and Mg2+ ions. Ligand atoms are colored orange (carbon), red (oxygen), blue
(nitrogen), magenta (phosphorous), green (magnesium). Protein carbon atoms are colored yellow or magenta depending on the effect of the
corresponding mutation on activity as in (A), and protein oxygen and nitrogen atoms are colored red and blue, respectively.
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Figure 3. Active Site of IP56K

(A) The ADP complex. Atoms are colored as
in Figure 2C. Hydrogen bonds are colored
yellow.
(B) AMPPPCP and Ins(1,3,4)P3 complex.
(C) ADP and Ins(1,3,4,6)P4 complex.
(D) Model for a hypothetical phosphohisti-
dine intermediate in complex with Ins(1,3,4)P3

and ADP.
(E) Schematic drawing of the IP56K active
site corresponding to the pseudosubstrate
complex shown in (B).
(F) Schematic drawing corresponding to the
product complex shown in in (C).
large 104-fold effect is also seen for H167Q, which is
fconsistent with the intimate involvement of this abso-

lutely conserved His in catalysis. The most modest ef- m
sfects were reductions of the order of 102, for K59A and

R212A. These lesser effects are consistent with the H
thigher degree of solvent exposure of these two com-

pared to other IP binding residues. e
sMutational effects in the ATP binding site were more

variable. Mutation of Arg-106, which corresponds to p
hthe E. histolytica ATP α-phosphate binding Arg-94, re-

duces activity sharply to 0.06% of wild-type. Mutation p
tof the ribose hydroxyl binding Ser-214 reduces activity

to 0.4% of wild-type. On the other hand, two of the b
Gresidues that interact with the adenine base appear to

be nearly dispensable. Mutation of Gln-188 and Leu- s
r215, which correspond to E. histolytica Gln-168 and

Leu-195, lead to almost negligible reductions in activity. c
mA third mutation in the adenine binding site, H193A,

corresponding to E. histolytica His-173, reduces activ- 3
tity to 0.3% of wild-type.
The human and E. histolytica enzymes produce dif-
erent ratios of Ins(1,3,4,5)P4 to Ins(1,3,4,6)P4. Two
utations were designed to test the origins of product

pecificity differences between the two species. The
162Q and G301S mutants of the human enzyme shift

he ratios to be more like those of the E. histolytica
nzyme than the wild-type human enzyme (data not
hown). The E. histolytica enzyme is capable of phos-
horylating Ins(1,4,5)P3 at the 3 position, while the
uman enzyme cannot except under extreme, non-
hysiological conditions. Human Gly-301 corresponds
o Ser-295 in E. histolytica IP56K. Ser-295 hydrogen
onds to the 1-phosphate of Ins(1,3,4)P3 and along with
ln-141 are the only direct IP binding residues not con-
erved between the two species. G301S has sharply
educed activity (Table 2), which we cannot fully ac-
ount for given the limitations of the comparative
odel of the human IP56K structure. The Ins(1,4,5)P3

-kinase activities of the human and E. histolytica wild-
ype enzymes and the human G301S were assessed
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Figure 4. ATP-Grasp Fold of IP56K

(A) Ribbon diagram of IP56K colored as in Figure 1A.
(B) Ribbon diagram of Ddl with the N-terminal domain colored dark blue, the central domain colored light blue, and the C-terminal domain
colored pink.
(C) Nucleotide binding site of the IP56K with stick representations of the fingerprint residues of the ATP-grasp family. Atoms are colored as
in Figure 2A.
(D) Nucleotide binding site of the Ddl with stick representations of the fingerprint residues of the ATP-grasp family.
(data not shown). G301S produces Ins(1,3,4,5)P4 from
Ins(1,4,5)P3, like the E. histolytica enzyme, but unlike
the wild-type human. These data show that the human
His-162 and Gly-301 are important determinants for
species-specific differences in enzyme properties.

The possible role of human His-167 (E. histolytica
His-147), which is close enough to the reactive phos-
phates to suggest a potential role in the isomerization
of Ins(1,3,4,5)P4 to Ins(1,3,4,6)P4, and vice versa, was
tested by assaying the interconversion of these two
compounds (Figure 5). The E. histolytica enzyme is un-
able to isomerize Ins(1,3,4,6)P4 to Ins(1,3,4,5)P4, al-
though it catalyzes the reverse reaction. Human IP56K
mutants H167A, H167Q, N297A, and G301S all behave
like the E. histolytica enzyme in this respect. The His-
167 mutants have almost no detectable activity. Since
the kinase activity of His-167 mutants is also sharply
reduced, we cannot determine with certainty whether
His-167 participates in a covalent intermediate. Struc-
tural modeling of a hypothetical phosphohistidine inter-
mediate indicates that without significant conforma-
tional changes, the phosphohistidine phosphate would
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Table 2. Mutational Analysis of Human IP56K

Human IP56K Site Mutation Analogous E. histolytica Residue Activity (% wt) Function of Residue in E. histolytica

wt 100
K18A K17 0.33 3-phosphate of Ins(1,3,4)P3

H58A K57 80 4-phosphate of Ins(1,3,4)P3

K59A R58 1.0 Structures inositol phosphate binding loop
R106A R94 0.06 β-phosphate of AMP-PCP
H162Q Q141 0.03 4-phosphate of Ins(1,3,4)P3

G163A G142 0.90 4-phosphate of Ins(1,3,4)P3

G163P G142 0.005 4-phosphate of Ins(1,3,4)P3

H167A H147 0.03 4-phosphate of Ins(1,3,4)P3, β-phosphate of AMP-PCP
H167Q H147 0.01 4-phosphate of Ins(1,3,4)P3, β-phosphate of AMP-PCP
Q188A Q168 90.0 N6 of adenine
H193A H173 0.30 Structures adenine binding site
K199A K179 0.07 1-phosphate of Ins(1,3,4)P3, 6-phosphate of Ins(1,3,4,6)P3

S214A S194 0.40 2#OH of ribose
R212A R192 1.2 1-phosphate of Ins(1,3,4)P3

L215A L195 75 Hydrophobic nucleotide pocket
D295A D289 0 Coordination of Mg1 and Mg2
N297A D291 0.06 Coordination of Mg2, 6-hydroxyl of Ins(1,3,4)P3

N297L D291 0 Coordination of Mg2, 6-hydroxyl of Ins(1,3,4)P3

G301S S295 0.01 1-phosphate of Ins(1,3,4)P3
Ins(1,3,4)P3 and AMPPCP shows that one oxygen of the groups. The structure shows with striking clarity how

Figure 5. Isomerization Activity of IP56K

Each enzyme preparation (indicated in the
upper left corner of each panel) was incu-
bated with 3000 cpm of [3H] Ins(1,3,4,6)P4 or
[3H] Ins(1,3,4,5)P4 for 3 hr at 37°C (indicated
at the top of each panel set). Inositol tetra-
kisphosphate isomers were then separated
using Adsorbosphere SAX HPLC. The elution
time for a given inositol polyphosphate iso-
mer depends upon the age of the column,
due to degradation of the silica. Therefore,
chromatograms are aligned based upon the
elution time of the internal standard [32P]
Ins(1,3,4,5)P4. Elution positions of Ins(1,3,4,6)P4

(arrow) and Ins(1,3,4,5)P4 (arrowhead) are in-
dicated on each panel. Substrates in the ab-
sence of enzyme are shown in the upper left
panels. E.h. = enzyme from E. histolytica.
H.s. = H. sapiens. All mutants are made with
the H.s. template.
be about 4 Å from the 6-hydroxyl (Figure 3D), too far A
2for efficient transfer. It is clear that His-167 is important

for the isomerization reaction, and elucidating its pre- s
ucise role will warrant further investigation.
d
pDiscussion
a
aCatalytic Mechanism of the Multifunctional

Enzyme IP56K p
pThe crystal structure of the ternary complex of
TP γ-phosphate approaches the 5-hydroxyl within
.5 Å, while a different oxygen simultaneously make a
imilar short-range interaction with the 6-hydroxyl (Fig-
re 3B). The oxygen that approaches that 5-hydroxyl
irectly coordinates Mg2, while the one that ap-
roaches the 6-hydroxyl directly coordinates Mg1. The
ctive site near the 5- and 6-hydroxyls is constricted
nd therefore could not accommodate more than one
hosphate group, consistent with the transfer of a
hosphate to either, but never both, of the two hydroxyl
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Figure 6. Orientation of Inositol Phosphates in the IP56K Active Site

IP56K kinase reaction substrates.
(A) Ins(1,3,4)P3 as observed in the structure. Contact sites for phosphate and hydroxyl groups are marked by colored ovals.
(B) Predicted orientation of Ins(3,4,5,6)P3.
(C) Predicted orientation of Ins(1,2,4)P3.
(D) Predicted orientation of Ins(1,4,5)P3.
this enzyme is able to phosphorylate its substrate by a
direct inline transfer of the ATP γ-phosphate to either
the 5 or 6 hydroxyl of Ins(1,3,4)P3.

In addition to its 5/6-kinase activity, IP56K intercon-
verts Ins(1,3,4,5)P4 and Ins(1,3,4,6)P4 in a “mutase” re-
action (Figure 5) (Ho et al., 2002), and has been reported
to have a phosphatase activity which reverses the
kinase reaction (Ho et al., 2002). We find that under
the conditions of crystallization and in the presence
of Mg2+ and ADP, Ins(1,3,4,5)P4 is converted to
Ins(1,3,4,6)P4. Two mechanisms are possible for these
reactions. One involves the back reaction of the kinase,
followed by ATP hydrolysis in the case of the phospha-
tase activity, or phosphorylation of the alternative hy-
droxyl group in the case of the mutase activity. The
second would involve the formation of a covalent phos-
phoenzyme intermediate in a manner that required the
presence of ADP. In this scenario, that ADP would be
required for catalysis but would not itself undergo any
reaction. The role for the ADP in this scenario might be
to coordinate the catalytic Mg2+ ions. The Nδ of His-
147 is 3.0 Å away from the AMPPCP γ-phosphate (Fig-
ure 3B), and it is tempting to speculate that it could be
covalently phosphorylated. There is no other reactive
amino acid residue close enough to the γ-phosphate to
be a reasonable candidate for a transient phosphoryla-
tion site. At least two other ATP-grasp proteins go
through phosphohistidine intermediates (Herzberg et
al., 1996; Wolodko et al., 1994). The human counterpart
of His-147 is His-167. The human H167A mutant retains
detectable catalytic activity at about 0.03% of wild-
type levels. The presence of residual activity in the
H167A mutant argues that this His has an important
role in catalysis, but is not involved in an obligate phos-
phoenzyme intermediate.

Structural Determinants for Substrate Specificity
The structure of the enzyme-substrate complex shows
that phosphate groups, rather than hydroxyl groups,
dictate substrate binding. Thus the details of the ste-
reochemistry of each position of the ring matter less
for binding than the overall arrangement of phosphate
groups. To consider possible allowed binding modes
for alternative substrates, the subsite in which the
Ins(1,3,4)P3 6-hydroxyl binds was designated position
A. The other sites are designated clockwise B through
F (Figure 6A). The first requirement for IP phosphoryla-
tion is that free hydroxyl groups occupy sites A and B.
Secondly, phosphates should be present in sites C, D,
and F. Site E binds the free 2-hydroxyl in the Ins(1,3,4)P3

complex. The 2-hydroxyl projects toward solution and
has no interactions with the enzyme. Site E therefore
can be occupied by a free hydroxyl or by a phosphate
group.

Twelve unique inositol phosphates are predicted to
be substrates by considering all possible rotations
about an axis normal to the inositol ring (Table S1 in the
Supplemental Data available with this article online). Of
these only one other than Ins(1,3,4)P3 is a documented
physiological substrate: Ins(3,4,5,6)P4 (Tan et al., 1997;
Yang et al., 1999). If a rotation about an axis through
the 1 and 4 positions is considered in addition to rota-
tions about an axis through the ring, another six
trisphosphate substrates are predicted. No additional
tetrakisphosphate substrates or reactions are predic-
ted by this operation, which simply interchanges the
two phosphate groups occupying sites D and E with
each other, and the two hydroxyls occupying sites A
and B with each other. Three of the potential trisphos-
phate substrates have been tested. Ins(1,4,5)P3 is a
substrate of the E. histolytica enzyme under first order
rate conditions, although it is not a physiological sub-
strate for the human enzyme (Field et al., 2000). Subtle
differences in active site residues between the E. histo-
lytica and human enzymes, such as the replacement of
Ser-295 in the former by a Gly in the latter, appear to
drive these specificity differences (Figures 2A and 6).
The presumed nonphysiological compounds Ins(1,2,4)
P3 (Adelt et al., 2001) and Ins(3,4,6) P3 (Ho et al., 2002)
are both substrates of the human enzyme.

The structure of IP56K provides a unifying framework
in which to consider the exceptionally wide range of
activities attributed to it. Protein kinase activity has
been observed to copurify with IP56K purified from in-
sect cells (Wilson et al., 2001). The constricted active
site of IP56K is typical of a small-molecule modifying
enzyme, and it is difficult to model binding of a peptide
substrate. Structural analysis suggests that IP56K is
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Hunlikely to be a protein kinase. The constriction of the
Aactive site explains the absence of lipid phosphoinosi-
Mtide activity, as seen also in the structure of Ins(1,4,5)P3 a

3-kinase (Gonzalez et al., 2004; Miller and Hurley, 2004). w
In summary, the structure shows how the ATP-grasp m

Sfold of IP56Ks from both E. histolytica and humans is
well adapted to its function as a multifunctional small

Smolecule kinase and isomerase.
M
a
MExperimental Procedures
t
tExpression, Purification, and Crystallization

of E. histolytica IP56K
EThe full-length (aa1-319) Ins(1,3,4)P3 5/6-kinase from E. histolytica
Swas expressed as a GST-tagged fusion protein in Escherichia coli
sstrain Rosetta (DE3) (Novagen). The expressed fusion was purified
Dby affinity chromatography using glutathione-Sepharose (GE-Phar-
wmacia). The column was washed with 10 column volumes of 10 mM
hNa phosphate (pH 7.4) and 150 mM NaCl follwed by 10 column
rvolumes of 10 mM Na phosphate (pH 7.4) and 500 mM NaCl. The
mfusion protein was eluted in 10 mM Na phosphate, 150 mM NaCl
mand 50 mM glutathione. During dialysis, the GST tag was removed
lby cleavage with PreScission protease (GE-Pharmacia). The pro-
ttein was subjected to a second purification using a glutathione-
dSepharose column. Following concentration, ammonium sulfate
cwas added to a final concentration of 1.1 M and the protein was
opurified on a PHE15 SOURCE column (GE-Pharmacia) and eluted
Eover a gradient of decreasing ammonium sulfate concentration fol-
Flowed by an increasing glycerol concentration gradient to a final
iconcentration of 40%. Following dialysis, the protein was further
tpurified using a Superdex 200 26/60 gel filtration column (GE-Phar-
amacia) equilibrated with 25 mM Tris-HCl (pH 8.0), 150 mM NaCl and
P10 mM DTT. Initial crystallization trials were performed at 30 mg/ml
aprotein. Crystals which diffracted to 6 Å in 20% PEG 3000, 0.1 M
−Tris-HCl (pH 7.5) and 0.1 M Ca(OAc)2 grew over the course of sev-

eral months. Seeding of these crystals into a preequilibrated sitting
drop of 15 mg/m1 protein, 25% PEG 3350, 5% PEG 400, 0.1 M bis- P

[tris (pH 5.5), 10 mM DTT, 10 mM L-cysteine, 10 mM AMPPNP, 10
mM MgCl2 and 5 mM Ins(1,3,4)P3 produced crystals which dif- 1

(fracted to 2 Å. Further seeding of these crystals into 25% PEG
p3350, 0.1 M bis-tris (pH 5.5) and 10 mM DTT with added ligands,
[including inositol compounds, and ADP, produced crystals in space
agroup P21 with cell dimensions a = 38.2 Å, b = 94.8 Å, c= 47.4 Å,
[β = 110.4°, that diffracted to up to 1.2 Å resolution. To obtain the
SAMPPCP complex, crystals grown in the presence on Ins(1,3,4)P3

wand MgCl2 were soaked in 20 mM AMPPCP.

E
X-Ray Data Collection and Structure Determination I
One two-wavelength multiwavelength anomalous dispersion (MAD) t

Edata set was collected of crystals cocrystallized with Sm(OAc)3 (Ta-
mble 1, Sm1 and Sm2) at beamline 8.2.1, 1 Lawrence Berkeley Na-
mtional Laboratory, and one four-wavelength MAD data set was col-
clected of crystals soaked in HgCl2 (Table 1, Hg1- Hg4) at beamline
aX-25, Brookhaven National Laboratory. Data were processed with
3HKL2000 (HKL Research). One Sm and three Hg sites were located
iwith SOLVE (Terwilliger and Berendzen, 1999), and the figure of
amerit for this solution was 0.59. Phase extension was performed to
l1.2 Å in RESOLVE (Terwilliger, 2000) using native data collected at
bSSRL. The initial 210 residues were traced automatically using

ARP/wARP (Perrakis et al., 1999). The 1.2 Å map was further inter-
preted using O (Jones et al., 1991). Refinement was carried out

Sinitially using torsional dynamics in CNS (Brunger et al., 1998) and
Srefmac5 (Murshudov et al., 1997). Electron density maps were gen-
werated for the native datasets of other combinations of ligands in
1CNS. Native datasets of the binary complex and ternary complexes

of Ins(1,3,4)P3 and Ins(1,3,4,6)P4 were collected at beamline 9-2,
Stanford Synchrotron Radiation Laboratory; beamline X26, Brook- A
haven National Laboratory; beamline 8.2.1 Lawrence Berkeley Na-
tional Laboratory; and beamline 22-BM, Advanced Photon W

dSource, respectively.
omology Modeling of Human IP56K
homology model of the human IP56K was created by using Swiss-
odel and was energy minimized using SwissPDB Viewer. An

lignment of the E. histolytica and H. sapiens protein sequences
as created using T-COFFEE (Notredame et al., 2000), and was
anually edited and threaded into the E. histolytica structure using
wissPDB Viewer (Schwede et al., 2003).

ite-Directed Mutagenesis
utagenesis was performed using pBacPAK9-human 5/6-kinase

s template (Wilson et al., 2001) and the QuikChange Site-directed
utagenesis kit (Stratagene) according to manufacturer’s instruc-

ions. Mutagenesis was confirmed by sequencing constructs using
he ABI prizm Big Dye terminator (PerkinElmer Life Sciences).

xpression and Purification of Human IP56K
f9 cells were grown in serum-free medium (Invitrogen) in suspen-
ion culture. Transfections were done with Bacfectin and BacPAK6
NA (BD Biosciences). For protein production, 300 ml cultures
ere infected with the appropriate virus for three days. Cells were
arvested and frozen as pellets at –80°C until use. Pellets were
esuspended in 30–50 ml homogenization buffer consisting of 20
M HEPES, (pH 7.6), 140 mM NaCl, 10% glycerol, 0.1% NP40, 10
M benzamidine, 40 �M iodoacetamide, 1 �M pepstatin A, 40 �M

eupeptin, 10 �M bestatin, 50 �g chymostatin/ml �M calpain inhibi-
or, 1 �M microcystin, 1 mM PMSF, and 1 mM sodium ortho-vana-
ate. Following a freeze-thaw cycle on dry ice, extracts were soni-
ated briefly, Dnase I (Sigma) was added to a final concentration
f 10 �g/ml, and extracts were allowed to sit on ice for 30 min.
xtracts were clarified by filtration and applied to a 1 ml anti-
LAG® M2-agarose affinity gel (Sigma) equilibrated in TBS. Follow-

ng extensive washing with TBS, protein was eluted with Flag pep-
ide (Sigma, 100 �g/ml). Fractions containing protein were pooled
nd dialyzed against TBS containing 1 mM DTT and 3 mM MgCl2.
rotein concentrations were determined using the Bio-Rad protein
ssay reagent (Bio-Rad). Purified, dialyzed protein was stored at
80°C in aliquots until use.

roduction and Separation of Inositol Polyphosphates
3H]inositol 1,3,4-trisphosphate was produced from [3H]inositol
,3,4,5-tetrakisphosphate (PerkinElmer Life Sciences) as described

Wilson et al., 2001). [3H]inositol 1,3,4,6-tetrakisphosphate was pre-
ared as previously described (Chang et al., 2002). Preparation of

32P]inositol 1,3,4,5-tetrakisphosphate (Wilson and Majerus, 1996)
nd [32P]InsP6 (Verbsky et al., 2005) were described previously.

3H]inositol 1,4,5,6 tetrakisphosphate was a generous gift from
hao-Chun Chang. Separation of soluble inositol polyphosphates
as done as described (Wilson and Majerus, 1996).

nzyme Assays
ns(1,3,4)P3 5/6-kinase assays were done as described, except for
he absence of LiCl2 in the assay mix (Wilson and Majerus, 1996).
nzyme was diluted in buffer containing 20 mM HEPES, (pH 7.2), 1
M ATP, 6 mM MgCl2, 100 mM KCl, 1 mM DTT, and 100 �g BSA/
l. Assays for isomerization of the inositol tetrakisphosphate spe-

ies were done in a reaction volume of 100 �l in the same buffer
s that for Ins(1,3,4)P3 5/6-kinase assays, with the substrate being
000 cpm of either [3H]inositol 1,3,4,5-tetrakisphosphate or [3H]-

nositol 1,3,4,6-tetrakisphosphate. Due to the low inositol kinase
ctivity of many of the point mutants, isomerase assays were al-

owed to proceed for 3 hr at 37°C to ensure that equilibrium had
een reached.

upplemental Data
upplemental Data include an additional table and can be found
ith this article online at http://www.molecule.org/cgi/content/full/
8/2/201/DC1/.
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Table S1. Theoretically Possible Inositol Substrates  
 
Ring normal 
Substrate 

Site 
(A,B) 

1,4 axis 
Substrate 

Site 
(A,B) 

1,3,4 6,5 1,4,5 2,3a 
1,2,3,4 6,5  5,6 
2,4,5 1,6 2,5,6 3,4 
2,3,4,5 1,6  6,1 
3,5,6 2,1 1,3,6 4,5 
3,4,5,6 2,1  1,2 
1,4,6 3,2 1,2,4 5,6b 
1,4,5,6 3,2  2,3 
1,2,5 4,3 2,3,5 6,1 
1,2,5,6 4,3  3,4 
2,3,6 5,4 3,4,6 1,2 
1,2,3,6 5,4  4,5 
 
Known substrates and phosphorylation sites are indicated in bold type. Compounds 
known to be non-substrates and sites known to be nonreactive are shown in struck-out 
type. 
 
aThis reaction is observed for the amoeba but only at trace levels for the human enzyme. 
b7 % of the product is phosphorylated at the 6-position. 
 


	Specificity Determinants in Inositol Polyphosphate Synthesis: Crystal Structure of Inositol 1,3,4-Trisphosphate 5/6-Kinase
	Introduction
	Results
	Overall Structure
	ATP and Mg2+ Binding Sites
	IP Binding Site
	IP56K Is a Member of the ATP-Grasp Family
	Mutational Analysis of Enzyme Activity

	Discussion
	Catalytic Mechanism of the Multifunctional Enzyme IP56K
	Structural Determinants for Substrate Specificity

	Experimental Procedures
	Expression, Purification, and Crystallization of E. histolytica IP56K
	X-Ray Data Collection and Structure Determination
	Homology Modeling of Human IP56K
	Site-Directed Mutagenesis
	Expression and Purification of Human IP56K
	Production and Separation of Inositol Polyphosphates
	Enzyme Assays

	Supplemental Data
	Acknowledgments
	References


